This paper describes the results of the testing of British Nuclear Fuels Limited's (BNFL's) Pulsed Jet Mixing (PJM) and the Reverse Flow Diverter (RFD) sampling system in a 3.96 m (13 ft) ID and 4.57 m (15 ft) tall dish-bottomed tank using Hanford Tank 241-AZ-101/102 simulant containing 17, 28, and 36-wt% insoluble solids.
INTRODUCTION
The BNFL designs of the pretreatment and vitrification plants for remediating the Hanford High Level Tank waste included the use of several hundred Reverse Flow Diverters (RFDs) for sampling and transferring the radioactive slurries and Pulsed Jet mixers (PJMs) to homogenize or suspend the tank contents. Despite the recent changes in the U.S. Department of Energy (DOE) approach to the privatization of the Hanford waste remediation project, it is possible that the new contractor could still implement several of BNFL's designs for the River Protection Project, Waste Treatment Plant (RPP-WTP). This includes PJMs and RFD samplers to mix/homogenize and sample the waste, respectively.
PJM and the RFD sampling devices represent very simple and efficient methods to mix and sample slurries, respectively, using compressed air to achieve the desired operation (1). The equipment has no moving parts, which makes it very suitable for mixing and sampling highly radioactive wastes.
Over the last 20 years, BNFL has made significant investments in developing the PJM and the RFD sampling system. PJM and the RFD sampling system are currently being used in the Thermal Oxide Reprocessing Plant (THORP) at Sellafield, UK, for the transfer, mixing, and sampling of highly active liquors during reprocessing operations. RFDs and PJMs may now be found all over the Sellafield site. They are used on a variety of plants, including the Vitrification and Encapsulation plants.
Despite their widespread use in UK, the effectiveness of the mixing and sampling systems are yet to be demonstrated when dealing with Hanford slurries, which exhibit a wide range of physical and rheological properties. The objectives of the work presented in this paper was therefore to:
• Demonstrate t he effectiveness of the PJM system to thoroughly homogenize Hanford-type slurries over a range of solids loading • Minimize/optimize air usage by changing sequencing of the PJMs or by altering cycle times • Demonstrate that the RFD sampler can obtain representative samples of the slurry up to the maximum RPP-WTP baseline concentration of 25 wt%.
For the testing, BNFL provided the PJM system and the RFD pump/sampler. The Pacific Northwest National Laboratory's (PNNL's) task was to install the mixing/sampling system and provide services, simulated slurry, and all other items necessary for conducting the testing.
EQUIPMENT DESCRIPTION
The PJM system tested consisted of four pulse tubes each with a cylindrical section of ~3.05 m (10 ft) length and 0.61 m (2 ft) internal diameter. Each tube is rounded at the top end with an opening for a 0.51 m (2 inch) pipe connection. The bottom end of the pulse tube was tapered down a nozzle. The overall height of the pulse tube, which is shown in Figure 1 , was approximately 3.66 m (12 ft). A schematic of the experimental system used to demonstrate the PJM and RFD sampling systems is shown in Figure 2 . The RFD sample collection system, shown in Figure 2 , consists of three pieces: (1) Charge vessel, (2) RFD, and (3) sampling tee. The RFD was primarily a venturi-type device with a hole drilled through its midsection to enable withdrawal of the slurry from the sampling location. The charge vessel consisted of a ~0.52 m (1.7 ft) length and 0.46 m (1.5 ft) ID cylindrical vessel rounded at both ends. The top and bottom ends of the charge vessel are flanged to connect to 0.02 m (0.75 inch) piping and the RFD sampler, respectively. The overall height of the charge vessel is ~0.99 m (3.25 ft). The sampling tee is essentially a 3-way T-shaped valve.
The Pulsed Jet tubes and the RFD charge vessel were located inside the tank using brackets that were positioned on top of the tank (cf. Figure 2) . The brackets, which traverse the length of the tank and welded to the sides, bear the weight of the Pulsed Jet tubes and the RFD charge vessel. The Pulsed Jet tubes were positioned at the center of the four quadrants of the tank at approximately 0.15 m (6 inch) from the bottom of the tank. The charge vessel was positioned between one pair of the pulse tubes, and the RFD was piped from the charge vessel to the sampling valve in such a manner that it was located at the ~0.3 m (1 ft) above the bottom of the tank.
To simulate actual sampling during waste processing in the BNFL pretreatment facilities, the RFD sample tee was located at an elevation of ~12.2 m (40 ft). For this reason, the RFD sampling tee was located on the fourth floor of the 336 building high-bay area.
During the operation of the PJMs and RFD sampler, the pulse tubes and the RFD charge vessel are filled with the tank slurry by the application of a vacuum. The slurry is then expelled from the pulse tubes and RFD charge vessel with compressed air. The high velocity of the slurry exiting the pulse tube and the RFD charge vessel stirs the tank contents and enables collection of the sample at the sample tee, respectively. The suction or discharge of the slurry to and from the pulse tubes and RFD charge vessel is regulated by jet-pump pairs in a control module located on the ground level at the side of the tank. The jet-pump pairs were connected to the pulse tubes using 0.05 m (2 inch) ID, wire reinforced, PVC tubing. In the case of the RFD, which required smaller diameter tubing, a braided PVC tubing of 0.02 m (0.75 inch) ID was used.
A compressor/accumulator combination was used to regulate the airflow to the jet-pump pairs. The compressor chosen for the present study, which was based on the requirements for the air flow to the jet pump pairs, was an IngerSol Rand Model HP850WCU compressor capable of delivering 400 L/s (850 cfm) at an operating pressure of 7 barg (100 psig). The accumulator was an ASME standard 908 L (240 gal) Brunner vertical air-receiver tank with pressure relief valves and timed electronic drain valve. Both the compressor and the accumulator were located outside the 336 building facility.
During the suction phase, liquid in the pulse tubes piping can raise to a level of ~6.1 m (20 ft) above the height of the liquid level. To prevent suction of the liquid into the vent, the jet-pump pairs may either be placed high enough above the pulse tubes that this suction is not possible, or the air line between the jet-pump and the pulse tube may be luted. This is known as barometric protection. Although the RPP baseline design has jet-pump pairs placed on a floor above the pulse tubes, in this work, the tubing connecting the jet-pump pairs to the pulse tubes was routed to the upper catwalk located at ~12.2 m (40 ft) from the top of the tank.
The sequence of operation and cycle frequency of the PJM and the RFD sampler was controlled by PRESCON™, an AEA Technology proprietary control system. PRESCON™ monitors pressure signals using pressure transmitters, which form part of the control module for the jet-pump pair. These pressure signals are used to determine the state of operation of the PJMs and the RFD, but most importantly, PRESCON™ monitors when a PJM or an RFD charge vessel is full. The measurement of vessel full is an important parameter during the operation of PJMs and RFDs as it allows designers and operators to optimize performance of these systems. Vessel top-level measurement means that the size of charge vessels and PJMs is minimized and air usage is optimized. PRESCON™ is non-intrusive and has no moving parts.
The density of the slurry at various locations within the tank was monitored continuously during the PJM operation using a MicroMotion™ density meter. The online equipment for monitoring the density of slurry consisted of recirculation pump, MicroMotion™ sensor, and a computer to record the data. Slurry from the tank enters the pump inlet through one of three 1.8 m (15 ft) long, 0.02 m (1 inch) SS tubes. Opening and closing the appropriate control valves included in each line adjusted the line through which the slurry sample was collected. Each sample line had a provision by whic h the height at which the sample was collected could be adjusted. After the sample was analyzed, it was returned back to the tank. Using this configuration, density measurements were made at various depths and lateral positions to obtain a topographical representation of the slurry-concentration profiles within the tank during the mixer operation.
EXPERIMENTAL APPROACH
The performance of the PJM and the RFD sampling system was evaluated using three different slurries containing varying amounts of solids loading. Table I The performance of the PJM was evaluated using the three simulated slurries at a different sequence of operation of the pulse tubes and varying frequencies of pulsing. Table II lists the various tests performed to evaluate the PJM and the RFD sampling system and the objective of each test.
In Table II , the operational sequences A+B+C+D, A+C/B+D, and A,B,C,D, respectively, represent the pulse tubes operating simultaneously, two at a time, and sequentially. Typical cycle time for charging, discharging, and venting the pulse tubes are on the order of ~90 sec, which represents the 100% frequency of operation in Table II . Frequencies of 50% and 10% correspond to cycle times of 180 and 900 sec, respectively. It can be seen from the list of experiments performed in Table II , the 17-wt% solids loading was most thoroughly investigated. Due to limited time availability, only a few select experiments were performed with the 28, and 36-wt% initial solids loading system. Also, in a majority of all cases (except Runs 15, 18, and 21), the slurry was first thoroughly homogenized with four pulse tubes operating at maximum frequency before switching to different operating sequence and/or frequency. The objective in these tests was to see if solids remain suspended with lower energy input to the system. For the case of experiment Runs 15, 18, and 21, the objective of these tests was to investigate whether the system can be homogenized with fewer pulse tubes operating at a time at maximum frequency.
RESULTS AND DISCUSSION

Homogenization of Tank Contents
BNFL designed the PJM system to homogenize the contents of the tank when all four pulse tubes are operated simultaneously at a specific frequency based on the settling data of the actual waste. Here homogeneity at any location within the tank is defined by:
Homogeneity Index (%) = 100 * (C a )/(C e ) (Eq. 1)
In Equation 1, C a is actual solids concentration (in wt%) at the sampling location and C e (in wt%) is the expected solids concentration if the contents of the tank were completely mixed. In Equation 1, C a was computed from the measured density of slurry ( ρ) and the known densities of the supernatant (ρ l ~1 g/cm 3 ) and solid phases (ρ s ~3.2 g/cm 3 ) using the following relationship:
For the present discussion, the contents of the tank were considered to be completely homogeneous if the homogeneity index at all locations was between 95 and 105%. Homogeneity is an important parameter when a representative sample is required during plant operations. At other times, the requirement is generally to keep the solids from settling.
The demonstration phase of mixer performance tests was conducted at the three different solids loadings of 17, 28, and 36 wt% with all four pulse tubes operating at maximum frequency. The results are illustrated in Figure 3 . Here, the x -axis represents the radial sampler position, and the y -axis represents the vertical sampler position with the bottom of the tank at 0-ft.
It can be seen from Figure 3 that at any particular vertical location of the sampler, there is no variation in the concentration profiles within the radial position for three different solids loading. Similar results were observed with all other testing sequences. Also the data in Figure 4 indicates that at 28-and 36-wt% initial solids loading, the concentration at all vertical locations within the tank was constant, indicating that the contents of the tank were completely homogenized. At the low initial s olids concentration, it can be seen from this figure that the solids concentration begins to drop at heights above 1.83 m (6 ft) from the bottom of the tank, and the homogeneity index at the vertical height of 2.13 m (7 ft) drops to 82%. This indicates that some stratification of the solids does occur at the low solids loading.
Examining the rheological and settling-rate properties of the slurries in Table III can shed some light on these results. The viscosities of the slurries listed in Table III are low (on the order of a few cP) indicating that, in this study, viscosity was not a significant contributor to the settling characteristics of the slurries. The data in Table III also indicate that lowering the concentration does have a significant effect on the hindered settling behavior of the solids. Therefore, in the present case, where viscosity effects are minimal, we believe that the mixer performance is rather largely dictated by the settling rates of the solids. The performance was best at the intermediate and high solids loading where the solids settling rate is sufficiently low that stratification of the solids was not observed. At the low solids concentration, where settling effects are more predominant, the solids in the lower part of the tank stratified. It should be noted that the PJM design for the present testing was based on the actual waste settling data of the AZ-101/102 slurries (3, 4), which were factor of four lower than the simulants used in this study. The faster settling behavior of the simulant enabled demonstrating the PJM performance under worst-case scenario conditions. Although increasing the drive pressure of the PJM could further increase the mixing energy, this was not done because of the limited time available for the tests.
RFD Sampler Performance
A comparison of the RFD sample density with that obtained using the MicroMotion™ meter at the same location is shown in Table IV . It can be seen from the data in Table IV that the RFD sample data compared reasonably well with the MicroMotion™ data within an experimental error of 5%. However, at the very high solids loading, the differences between the RFD sample and MicroMotion™ data were far more significant, indicative of the fact that the sampler was unable to obtain a representative sample of the slurry at such a high concentration.
At 36 wt%, a sample was taken from the RFD return line to the tank, and this compared very well with the MicroMotion™ data. Therefore, it was concluded that it was the sample tee (rather than the RFD pump) that was unable to deliver a representative sample at 36 wt%. Bigger needles can be used with the sampler tee, but these tests were not performed because of time constraints. In addition, the maximum concentration for the RPP baseline is 25 wt%, and there was no pressing need to establish the RFD performance at 36 wt%. The RFD performance was not entirely trouble free. The RFD became plugged during a few occasions. There are two reasons for this: (1) solids were allowed to settle and compact between tests and (2) the RFD was not pulsed when not in use. In the actual plant, solids would not be allowed to settle, and RFDs in arduous duties would be continuously pulsed to prevent solids from settling i n the lines. Unplugging the RFD was not a major problem and was achieved by rapid pulsing of the charge vessel.
The unplugging of the sample needle, however, proved to be more difficult and required dismantling the assembly. However, in the actual plant design, this is not considered a major issue since the BNFL auto sampler is designed to automatically clean the sampler and change the sampling needle after each sample collection.
Keeping Solids Suspended
To evaluate whether a thoroughly homogenized or mixed slurry could be kept suspended at reduced air input to the PJM, the system was tested at different operating sequences and frequencies at the three initial solids loadings of 17, 28, and 36 wt%. In all these experiments, the slurry was initially homogenized with all four pulse tubes operating at maximum frequency before changing the frequency or sequence of operation of the pulse tubes. Results for the initial case of solids loading at 17 wt% are shown in Figure 4 . It can be seen from Figure 4a to 4d that the concentration profiles in the tank are dramatically changed as the number of pulse tube and/or the frequency of operation was reduced. Even when the pulse tubes are operating at maximum frequency (Figure 4a) , a reduction in the number of pulse tubes operating at a time results in significant stratification in the solids in the lower half of the tank. This effect becomes more pronounced when, in addition to reducing the number of pulse tubes, the frequency of operation is also reduced as can be seen from Figures 4b to 4d.
As in the case of the initial tests of solids loading at 17 wt%, the solids stratification was also observed in the solids loading studies at 28 wt%. However, for the 28-wt% case, the observed drop in the concentrations was more abrupt as opposed to a much more smoother decline in the solids concentration as we move to the top of the tank. This is due to the slower settling rates discussed previously, and therefore in regions of the tank where the mixers were effective, the solids concentration remained more constant.
For the few tests conducted at the 36-wt% solids loading, it was found that despite changing the operating frequency or the number of pulse tubes operating at a time, the profiles for all the three tests are almost identical, and the tank was thoroughly homogenized. Again, this is because settling-rates effects, which dominated the mixing processes in the 17-wt% and to some extent in the 28-wt% concentration range, are completely negligible. The slurry remains completely suspended after homogenizing with four pulse tubes and then reducing the air usage by 50% by either reducing the number of pulse tubes operating at a time to two or decreasing the frequency of operation by 50%. Although these results indicate that it is possible to reduce the air usage by 50% under the present scenario, it is unclear at the present time whether air usage can be reduced further and whether the slurry can be homogenized when the mixing is initiated with just two pulse tubes or perhaps one operating at maximum frequency. These tests were not conducted due to limitations in the time for the experiments. Also it is unclear at the present time as to the effect a further increase in the slurry viscosity will have on the mixer performance.
IMPACT OF RESULTS ON PLANT DESIGN AND OPERATION
Mixing of Tanks
The day-to-day operational requirement for RPP-WTP tank mixing is to keep the solids off the bottom of the tank. This prevents settling, agglomeration, and the possibility of a gas release event (GRE). This work has confirmed that when all PJMs within a tank are operating at the design frequency and pressure, then the tank can be homogenized. By operating the PJMs sequentially at the design frequency or at half the frequency, acceptable mixing can be obtained to keep the solids suspended. The only time a tank needs to be homogenized is to provide a representative sample or possibly during a transfer operation.
The present study showed that a tank containing 28-wt% slurry can be homogenized from fully settled in just 1-2 hours. As the concentration of slurry is reduced, the time to homogenize tank contents was concomitantly reduced.
Vent System
The RPP-WTP RFD and PJM vent design incorporates High Efficiency Particle Arrestors (HEPA) and High Efficiency Mist Eliminators (HEME). If the air usage for the PJMs is reduced by 80%, then significant size reductions and savings can be made to the vent systems in Pretreatment, Low Active Waste Vitrification, and High Level Waste Vitrification plants. The number of HEPAs and HEMEs can be reduced as well as fan requirements and associated equipment. The calculated air consumptions for the PJMs are shown in Table V. There is scope for further reducing the air requirements by operating pulse tubes sequentially at less than design frequency. Current figures assume design frequency. If the air-usage requirements for the PJM are reduced by 80% by operating the PJMs sequentially and/or reducing the pulse frequency, then the sizing of the RPP-WTP compressor needs to be revisited. 
Cleaning of Auto Sampler Tee
During the trials, the RFD was left pumping for long periods of time, and the sample tee needle became blocked. The test conducted was to demonstrate the capability of the RFD to pump and sample the slurry, not a demonstration of the auto-sampler system. BNFL has designed an auto-sampler system that allows for automatic repla cement of the needle and cleaning of the sample tee.
Operation of RFDs
A couple of times during the trials, it was difficult starting the RFD due to blockages in the lines. The blockages were caused by a high concentration of solids being allowed to settle and compact overnight.
The RFDs were started by carrying out a line clearance cycle, which is standard practice. Mechanical means were not needed to remove the blockage. If this had been a mechanical pump, it is unlikely that the solids would have been shifted. RFDs operating in such an environment would normally be pulsed back and forth when not pumping to prevent solids settling in lines.
CONCLUSIONS
• In all, the performance tests on BNFL's PJM and the RFD sampling system indicate that these systems are capable of handling slurries of high solids loading. The absence of any moving parts makes these systems extremely attractive to handle highly radioactive wastes.
• With the present design, the PJM system with all four pulse tubes operating at maximum frequency thoroughly homogenized the intermediate-and high-solids-loading cases for the AZ-101/102 simulant studied.
• Fast settling slurries, such as case with the initial tests with 17-wt% initial solids loading, the results indicate that even with all four pulse tubes operating at maximum frequency, some stratification does occur. However, this is because BNFL's design of the PJM system was based on the slower settling AZ-101/102 actual waste data.
• Reducing the air requirement by 80% or more is possible if the goal is to suspend the particles after homogenizing the slurries with all four PJMs operating at full frequency.
• Optimizing the air usage by either decreasing the number of pulse tubes operating and/or the pulse frequency generally resulted in deteriorating mixer performance, except at the very high solids loading of 36 wt%. However, this scenario was not completely studied to completely assess the air usage on the mixer performance.
• For the cases studied, the viscosity of the slurry did not affect the mixer performance.
• The RFD sampler, within experimental error, was effective in taking a representative sample of the slurry at the low and intermediate solids loading.
• The RFD sampler did not take a representative sample of the slurry at the very high solids loading of 36 wt%. This was, however, attributed to the use of the smaller diameter needle rather than the RFD pump itself.
• The RFD charge vessel and sampler plugged several times during their operation.
• Unplugging the RFD charge vessel was relatively easy and required rapid pulsing of the slurry through the charge vessel.
• Unplugging the RFD sampler was difficult and required dismantling the assembly to remove the slurry dislodged in the sampler. However, in actual plant operations, BNFL's auto sampler is designed to overcome these problems.
